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1. Introduction
The infrared transmittance and reflectance of pure crystals of CdS and CdSe have
1-4been reported several years ago. More recently, the infrared reflectance of the
hexagonal mixed crystals of CdS/CdSe have been reported. 5 ' 6 The reflection spectra
of CdS Se for several values of x have been remeasured and are reported here.
x 1-x
The Raman spectra of these crystals have been measured at 300 0 K and 80 0 K in col-
laboration with Brafman, Chang and Mitra at the University of Rhode Island and are
reported for the first time. The transmission spectra of several more of the mixed
crystals initially discussed in a previous report 7 have been measured at 300 0 K, 80 0 K
and 100 K.
It is evident that in the reststrahlen spectra of CdSxSel- x the infrared active phonons
occur in two main bands with frequencies near those of pure CdS and pure CdSe, which
is characteristic of a system in which short-range forces influence the lattice dynam-
ics. 5 In this respect the present system neither behaves as ionic mixed crystals nor
entirely as covalent mixed crystals. In mixed systems composed primarily of ionic
crystals,8 for example, NixCol x , KC1 xBr -x' NaxRb -x
I
, CaxSrl-xF , etc., on account
of the presence of long-range Coulomb interactions only a single reststrahlen band
occurs, and the long-wavelength longitudinal optic (LO) and transverse optic (TO) modes
shift continuously and linearly with concentration. On the other hand, in a mixed sys-
tem composed of covalent crystals like Ge :Si the triply degenerate k - 0 optic-mode
frequency of Ge shifts slightly downward with increasing Si content, rather than shifting
upward continuously from the heavier to the lighter components' frequency.
The present investigation, which includes Raman measurements, reveals the
behavior of both k - 0 LO and TO phonons as functions of x. At present
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CdS Se
x f-x
thus far.
constitutes by far the most complete and interesting system studied
2. Measurements and Results
The CdSxSel x system appears to form good mixed crystals with hexagonal unit cells
7
similar to the wurtzite CdSe and CdS structures. Seven mixed crystals were investi-
gated in the concentration range 0.07 < x < 0.71. The samples were quantitatively ana-
lyzed and found to be stoichiometric with a standard deviation of one mole per cent or
less. Power x-ray diffraction measurements revealed unique lattice constants "a" and
"c" throughout the concentration range that was studied and varied linearly with x,
thereby indicating that the CdS/CdSe system does form a 'good' mixed crystal with a hex-
agonal lattice. 7
Since for both CdS and CdSe the anisotropy splitting of the transverse optic phonons
is limited3, 4 to only 6 or 7 cm- , and that of the LO phonons hardly 1 cm , all mea-
surements were made on unoriented crystals.
The reflection spectra were measured with the R.I.I.C. F-S-520 Fourier Spectrom-
eter. The spectra were extracted from the quantized interferograms by taking a discrete
phase-corrected Fourier transform of the data with the IBM 7094 computer at the M.I.T.
Computation Center. A typical reflection spectrum is shown in Fig. IV-l.
Table IV-1. Raman band positions and their assignments for CdS 79Se.21.
Raman Band Assignment
position (cm-1)
41 E 2 (F)
87 Multiphonon
137 ?
182 E 1 , A 1 (r) TO(CdSe)
196* LO(CdSe) (F)
213 Multiphonon
242 E 1 , Al(r) TO(CdS)
256 E 2 (r)
298 LO(CdS) (r)
335 Multiphonon
360 Multiphonon
413 ?
390 2LO(CdSe)
493 LO(CdSe) + LO(CdS)
595 2LO(CdS)
Relatively strong bands
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Fig. IV-1. Reststrahlen spectrum of CdS. 5 6 8 Se 4 3 2 . Solid line:
measured curve. Circles: two-resonance damped
-1 -1
oscillator fit. (E =5.7, v1 =175 cm , 2 = 248 cm ,
pl =O.Z, p2=0.12Z, yl=0.045, y2=0.045).
6400 6450 X(A)
Fig. IV-2. A portion of the Raman spectrum for 3 concentrations:
x= 0.57; x= 0.79; x= 0.93. [Brafman, Chang and Mitra,
private communication.]
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The Raman spectra observed by Brafman, Chang, and Mitra were excited with a He-Ne
laser (6328 A) in the perpendicular scattering mode and were analyzed by means of a Spex
1400 double monochromator. Measurements were also made with the Cary 81 Raman Spec-
trophotometer in the Spectroscopy Laboratory, M.I.T., in the back-scattering (1800 ) con-
figuration, with identical band positions but with occasionally altered relative intensities.
The Raman spectrum at each concentration contained many bands. An example is shown
in Table IV-1, which lists the Raman bands observed with CdS .79Se0.21. An interesting
portion of the Raman spectrum for three intermediate x-values is shown in Fig. IV-Z.
The far infrared transmission spectra of several unoriented slices of the mixed
crystal samples were measured at several temperatures by means of Perkin-Elmer
spectrophotometers (Model 301 and Model 521) and also by an R.I.I.C. FS-520 Fourier
CdS/CdSe
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Z Se+ OSe 57/43
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Fig. IV-3. Room temperature infrared transmission spectrum
(00 -1 -(200 cm -650 cm ) of CdS Se for 5 values of x.
x 1-x
spectrophotometer. Figure IV-3 shows the room temperature spectra of 5 of the samples
from 200 cm to 650 cm . Since the frequencies change very little with temperature,
in this report we shall discuss primarily the room temperature data.
3. Discussion
Information about the long-wavelength TO modes of the mixed crystals is contained
in the reflection spectra. Kramers-Kronig analyses of the room-temperature spectra
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were performed to obtain the real (E') and imaginary (E") parts of the complex dielec-
tric constant and other optical constants. A typical result is shown in Fig. IV-4. In all
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Fig. IV-4. Kramers-Kronig analysis of the reflection
spectrum of Fig. IV-1, giving the real and
imaginary parts of the dielectric constant.
cases, only two distinct peaks with occasional minor structures were noted in the curves
for extinction coefficient, conductivity or E" vs frequency. The peak frequency of the
conductivity curves are assigned to TO(CdS) and TO(CdSe), the assignment depending on
their positions. Verlur and Barker,6 on the other hand, have used a model of lattice
dynamics, which utilizes 7 distinct TO phonons at k ~ 0. A closer inspection of their values
reveals that for each mixed crystal studied, 2 of the 7 modes considered stand out in
strength over the rest. Moreover, a two-resonance damped oscillator can be made to
fit our room-temperature reststrahlen spectra, as shown in Fig. IV-1.
In the absence of direct measurement, the k ~ 0 LO mode frequency for a single
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oscillator may be inferred either from the Lyddane-Sachs-Teller (LST) relation or from
Drude's rule (the frequency at which E' = 0 or n = k). For multiple oscillators, although
a generalized LST relation involving all of the modes holds good,10 it does not, however,
yield the LO mode frequencies individually. Often Drude's rule has been invoked for the
multiresonance oscillators also,11 although without any theoretical justification. Further-
more, in some cases, for example, when one of the oscillators is much weaker than the
others (for low and high values of x in the present case, the n and k curves may not
cross and therefore the application of the Drude's rule is impractical. Chang and Mitral2
have shown that it is possible to obtain the LO frequencies individually as functions of
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Fig. IV-5. k ~ 0 optical phonons of CdS Se as functions of x.x 1-x
1: LO(CdS); 2: TO(CdS); 3: LO(CdSe); 4: TO(CdSe);
O - Raman (80°K); A - Raman (3000 K); E- Kramers-
Kronig analysis, using present reflectivity data;l--
Kramers-Kronig analysis, using data of Verlur and
Barker 6 ; x - Two-resonance damped oscillator fit of
the present reflectivity data.
QPR No. 87
(IV. OPTICAL AND INFRARED SPECTROSCOPY)
oscillator parameters. They have also shown that Drude's rule holds only under cer-
tain conditions, viz., the LO frequencies are obtainable only if E' = E" = 0 occurs at the
same frequency. The LO mode frequencies for a few of the mixed crystals have been
determined in this fashion. Thus, for each TO frequency we obtain one LO frequency.
Experimental determination of the LO modes is possible by Raman scattering measure-
ments. The two strongest bands in the Raman spectra of each crystal were identified
with the LO phonons at k - 0. Their positions showed excellent agreement with those
obtained from the modified Drude's rule. The two LO and the two TO modes for each
mixed crystal also followed the generalized LST relation 1 0 within the limits of experi-
mental accuracy.
The one-phonon optic frequencies are plotted as functions of the mole fraction x of
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Fig. IV-6. Local mode spectrum of S impurity in CdSe. (a) Reflec-
tion spectrum. (b) Absorption spectrum at two tempera-
tures showing the local mode fundamental. (c) First
overtone of the local mode.
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CdS in Fig. IV-5. It may be noted that the LO frequency of CdS monotonically decreases,
while the TO frequency increases with increasing concentration of CdSe. These two lines
intersect at a point in the region of 100% CdSe. This triply degenerate phonon at 268 cm-1
may be considered the quasi-localized mode of S in CdSe. The local mode frequency
may be approximately evaluated 6 by using the Dawber and Elliott theory. 13 A value of
-1
285 cm-1 is obtained for the local-mode frequency, a value not too different, consid-
ering the approximations involved, from the value predicted from the behavior of the
14
mixed crystals. Perry, Geick, and Young have noted the presence of this local
-1
mode at 268 cm in the reflection spectrum of CdSe with a nominal amount of S impu-
6
rity, which is shown in Fig. IV-6. Verlur and Barker's spectrum of CdS 0 1 5 Se 9 8 5
confirms this observation. The local mode spectrum is best demonstrated by the trans-
mission spectrum of a CdSe single crystal with S impurity as presented in Fig. IV-6.
The local mode and its first overtone show the characteristic absorption and tempera-
ture dependence.
The behavior of the long-wavelength optic modes of the heavier component may be
summarized as follows. The LO of CdSe decreases and its TO increases with increasing
concentration of CdS. The point of intersection occurring in the region of 100% CdS may
likewise be regarded as a resonant gap mode of Se in CdS. This triply degenerate
-1
phonon occurs at 188 cm- . An approximate estimate of the gap mode may be made by
applying Jaswal'sl5 model on NaI to the present case. Using the phonon assignment of
Marshall and Mitra 2 for CdS, we have obtained a value of 191 cm -l for the gap-mode
frequency.
A sum rule pertaining to the optic phonons of mixed zincblende crystals was discov-
16
ered in connection with the system ZnSxSe x . We find that the sum rule also holds
good for the present system. It has been found that the sum of one-phonon optic-mode
frequencies at any concentration, properly weighted for degeneracy (1 for an LO, 2 for
a TO, and 3 for a local or a gap mode) is a constant. The 'average' one-phonon fre-
quency of the mixed system, which occurs at 225 ± 2 cm - 1 , is to a very good approxi-
mation halfway between the quasi-local mode frequency of S in CdSe (268 cm - 1 ) and the
-i
resonant gap mode of Se in CdS (188 cm- ). Another consequence of this sum rule is
that in the mixed-crystal system ABxC1-x(mB<mC) the sum of the local mode of B in
AC and the gap mode of C in AB can be predicted from the k ~ 0 optic phonons of the
pure crystals AB and AC alone:
Local mode + gap mode = (TO+LO + (TO LO . . (1)
AB AC
-1
In the case of CdSxSel-x, the left-hand side of Eq. 1 is 456 cm -1, whereas the
right-hand side is 446 cm - l1 . The sum rule is apparently obeyed rigorously by the
ZnSxSel-x system.16 The relatively less exact agreement noted in the present case
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may be attributed (i) to the exclusion of some of the other allowed k - 0 optic phonons
for the wurtzite structure, and (ii) to the fact that, although CdSxSelx is hexagonal for
all values of x, the expected anisotropy splitting has been neglected here.
The variation of the long-wavelength optic phonon frequencies with concentration, as
presented in Fig. IV-5, is unique, in the sense that it is different from either that of the
ionic 7 or the covalent 8 crystals. Yet, in some respects, it reflects the pertinent fea-
tures of either type of solid. The lines (1) and (4) in Fig. IV-2 are in some ways remi-
niscent of ionic crystals,8 whereas lines (2) and (3) are similar to those found for
covalent crystals. The II-VI compounds may thus be regarded in many ways as behaving
as ionic crystals (for example, the separation of the LO and TO branches at k - 0), yet
in some other respects they are like covalent crystals (for example, the short-range
forces that give rise to characteristic frequencies for both the components in the mixed
crystal, Ge:Si).
Besides the TO and LO modes discussed here, the wurtzite structure has two addi-
17 -1
tional Raman-active optical modes of the E 2 type. In pure CdS these occur'
7 at 44 cm
-1
and 252 cm . In some of the S-rich mixed crystals these modes have been noted. But
since these were not followed through the entire concentration range, they could not be
included in the present discussion. Tell, Damen, and Porto,17 in their study of the
Raman spectrum of CdS, have reported 7 multiphonon bands. These have been assigned
to various phonon combinations by Mitra 1 8 and by Nusimovici and Birman. 19 Most of
these bands are also observed in the mixed crystals and may be similarly assigned. In
both zincblende and wurtzite structures the second harmonic of the Brillouin zone center
LO modes are allowed in the Raman spectrum. What is noteworthy here is that in the
Raman spectrum of CdSx Se we not only find bands corresponding to 2 LO (CdS) and
2 LO (CdSe) but also a combination band of the type LO (CdS) + LO (CdSe). The observed
Raman bands and their assignments for CdS. 79Se have been presented in Table IV-1
as an example.
The strongest two-phonon infrared-active bands above the fundamental lattice vibra-
tions have been given in Fig. IV-3 for a number of x-values. In hexagonal crystals of
pure CdS or CdSe, the strongest two-phonon absorption bands are due only to combina-
tion of phonons from critical points at the end of the Brillouin zone. Two-phonon tran-
sitions involving the zone-center critical points are excluded by group theory and occur
as cutoffs in the absorption spectrum. Although a classical Brillouin zone is not well
defined for these mixed crystals, the two-phonon absorption spectrum still behaves as
if it were due only to critical points at the edge of a pseudo Brillouin zone. No overtones
of the observed zone center frequencies have been seen. Moreover, the absorption spec-
trum, like the reflection spectrum, appears to be due to nearly independent contribu-
tions from both the CdS and the CdSe in each mixed crystal.
Figure IV-7 is a plot, as a function of the mole fraction of CdS in the mixed crystal
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300-- Ls system, of an assignment of the frequen-
cies contributing to the two-phonon absorp-
tion spectra. The assignment shown is
most consistent with the over-all experi-
mental data. It shows only one clearly
200 - LOSE defined LA mode and that the zone-boundary
E TE optical frequencies and the zone-center opti-
cal frequencies associated with a given
LA substance approach each other as the con-
centration of their contributor becomes
1oo very small. Near zero concentration they
approach the local mode of that substance
-- TA in the host lattice. The TA frequencies
are also shown on a single straight line,
but there were insufficient data to locate
0 I I I I the TA mode for all samples.
0.0 0.5 I.0
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